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Abstract

An  introduction to the history and to the
principle of operation of wire chambera using
photosensitive geses and liquids is presented. Their
useé ag light sensora coupled to Gas Scintillation
Proportionel Counters and BaF,, as well as their use
in Cherenkov Ring Imeging, is discussed in some
detall.

1. INTRODUCTION

In recent years there has been a great deal of
effort spent on the development of photosensitive wire
chambera. Although the field haa a long history, the
renewed intereast can b? traced back to the work of
Seguinet and Ypsilantis. They suggeated adding a
photosensitive gas to a proportional counter, fitted
with & UV transparent window, as a means of detecting
the UV photons produced as Cherenkov radiation in
gases.

conatructed the
light aource
excited by an

To demonstrate their idea, they
instrument shown in PFig. 1. The
conaisted of a volume of pure argon
alpha saource. This producees light in the 9-11 eV
range. The detector was & multiwire chamber filled
with argon, CO,, and benzene. The photosensjtive
material was Dbénzene with a thresholg for the
photoelectric effect of 9.15 eV {1355 A}, With this

setup, they were able to ahow that single photon
counting was possaible.
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Fig. PhotosanaitiYe proportional counter and
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At the same time as the above work, the use of
photosensitive proportional counters was suggested
independently by, Bogomolov, Dubrovskii and Peakov for
plasma 3tudies. They demonatrated their idea with &8
small multiwire chamber with a LiF window, filled with
helium and teoluene vaporss Toluene has an ionization
threshold of 8.5 eV (1460 A).

The development of wire
photeosensitive gases, and later photoaensitive
liquids, has gone in three major directions. The
first, is as a replacement for photomultiplier tubes,
PMT, for gas scintillation proportional zounters. The
second, ia for Ring Imaging Cherenkov detectors. The
third, is as the photon semsor for the scintillator
BaFe. We will discuss all three fields here; although
it is not possible to cover these topics completely in
a work of this length. In particular, the field of
Cherenkov 3 setectors, which has been reviewaed
elsewhere,”’ will be the least complete. A fairly
complete bibliography will be provided. We will alsao
restrict ourselves to detectors that detect light, and
are not just moderatgd by photons such as multistep
avalanche detectors.

chambers using

2. GSPC

A gas scintillation proportional
is a type of properticonal counter
resoluticon for X rays s factor of two better than
conventional wire chambers. Although the designs of
the G3PC vary dramatically, the priaciple is best

coeunter, GSPC,
wWwith an energy

exhibited in the parallel plate design in Fig. 2.
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Fig. 2 Paralleé plate gas scintillation proportional

counter

The G3SPC consists of a volume of pure noble gas,
ususlly at 1 atm. Region C of Fig. 2 is an absorption
region, deep enough to stop entering X rays. The
primary electrons liberated by the X ray are drifted
out of this region by a small electric field and into
region B. Here the electric field is adjuated such
that the electrons gain enough energy between
collisions with the gas, to excite the =toms hut not
ionize them. The excited atoms form =& Rydberg
molecule which de-excitea giving a bread continuous
spectrum. The emisaion spectr§ of argon, krypton and
xenon are shown in Fig. 3. The UV light is then
either converted in a wavelength shifter and detected
by a glass PMT or detected directly by a quartz PMT.
(See Refs. 8 and 9 for a review on this GSPC.)
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Fig. 3 Argon, krypton and xenon emisaion spectr37

The noble gas of choice for GSPC's has been
xenon. This is because of its high X-ray stopping
power and its higher UV photon yield. Alao, 1ita
softer apectrum makes 1light detection easier. But,

the quartz PMT's used are very expemsive
limit detector design.

and greatly

It was first suggested by Pulicarpo10 that a
photosensitive wire chanber or photo-ionization
detector, PID, could be used to replace the PMT for a
GSPC. Thia would offer an instrument with the energy
resclution of a GSPC, and the imaging capabilities of
a wirs chamber. Such an instrument ahould also be
lens expensive to construct and be much less asensitive
to magnetic fields.

The first coupling of a GSPC1fo1§ photosensitive
detector was achieved by Peskov. ' The instrument,
shown in Fig. 4, was a hybrid using two PMTs at the
side of +the G3PC, filled with argon plus a little
xenon, for the energy determination. The position of
an event wa3 determined by an array of "end" type
proportional counters looking from Dbelow. The
photosenaitive ges used vay trimethylamine, senaitive
ia the 1050-1550 A region.  An energy resolution of
122 FWHM was messured for 5.9 keV X rays, with a
position resolution of about 0.3 mm. The energy
resolution was improved to 9.7% FWHM with the use of a
Penning gas mixture, differentially mixed.

The first demonatration of a trues PID coupled tg
a GSPC was made by Charpak, Policarpo, and Sauli.
Their inatrument is shown aschematically in Fig. 5.
The PID wused triethylamine, TEA, with a threshold of
7.5 e¥ (1653 A) as the photosensitive gas. The gas
wmixture was B83% argon, 3% TEA, and 14% methare.
Bocause of the high threshold of TEA, the GSPC gas waa
Kr and a LiF window separated the two asecticns. They
measured an energy resclution of 10.8% FWHM for 5.9
kaV X rays. This same group had firat intrgduced TEA
for Cherenkov Ring Imaging with Ypsilantis.

Fig. 4 Gas scintillation proportional counter with
PMT readcut and photosensitive
"end"-type proportional counter
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Fig. 5 Gas scintillation proporticnal counter,

coupled to a photo-icnization detector

The use of xenon as the
poasible by the intrecduction, by Anderson, of
tetrakis{dimethylamino)ethylene, THAE, with a
threshold of only 5.36 eV (2315 A). This lawer
threshold has the additional advantage of allowing
quartz windows to be used which are considerably more

G3SPC gas was, made

rugged and less expensive than the flouride windows
used with the other photosensitive gases.
The detector used in the above work is shown in

Fig. 6. The
methane {P-10),

PIPS was filled with 90% argon and 10%
Becauaeoo{Sthe low vapor pressure of
TMAE (0.38 Torr at 21°C 7) it made up Bly 0.05% of
the gas. The GSPC waa a curved grid type = with a !
atm filling of pure xenon. An energy resclution of
9.5% FWHM was measured for 5.9 keV X rays.
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The absorption length in TMAE of xenon 1light
filtered Dby a quartz window was alsoc measured.
Although the average cross section waa estimated at 38
Mb, ita low vapoer pressure yleld an absorption lengths
of 23 om and 11 mm at 20°C and 3000, reapectively.
Thias 1is much longser than the submillimeter absorption
length typical for TEA.

The next logical atep in the development of7PID's
coupled to GSPC was made by Ku and Hailey. They
built the firet imaging PID. Their detector is shown
in Pig. T. The PID was a mnultiwire proportional
counter with the event poaition determined from the
induced signal on orthogonal cathode planes. The PID
gas mixture was 0.3 Torr of TMAE and 580 Torr of P-20.
The GSPC was filled with 1 atm of xenon. CaF, was
used for the window between the two detectors. An
energy resolution of 9% FWHM was measursed for 5.9 keV
X rays, and a position resolution of 0.9 mm was
achisved. They alsc teated the same instrument with
krypton in the GSPC and TEA as the photosensor.
Although the induced saignal in the PID was narrower
due to its shorter absorption depth, the position
resclution measured was not better than with TMAE.
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Fig. 7 Iuaging1§aa scintillation proportional

counter

Aa an example of the kind of energy resolution
poasible with a GSPC coupled to a PID, Fig. B shows an
X-ray pulse height spectrum from unpublished work by
Anderson. The G3PC was filled with xencn and an
%gaging PIL with TMAE was used. The X-ray socurce is

Fe at 5.9 keV, yielding an snergy resolution of 7.9%
FWHM. Note that the K_ line at{ 6.4 keV ia astarting to
be resolved at the rigﬁt. This is as good as the best
messurements made with a PMT,

Fig. 8 55?6 pulse height spectrum

3. CHERENKOV RING IMAGING

The second major application of photosensitive

wire chambers is particle identification uaing Ring
Imaging Cherenkov RICHE detectors. When a8 <charged
particle with velocity B{B=v/¢c) passes through an

optical medjum, with index of refraction n, it emite

UV photons at an angle ec, given by the Cherenkov
relation:

cos 8 = 1/8n ,
for gn > 1. The photons emitted along the particle
path are reflected by & spherical mirror of radips r

onte a focal surface of radius r/2. (See Fig. 9.)

Panticle

Targetl or
interaction point

Cherenkov Particla 2

radiatin
Detecior mediumq
rodius r/2
Mirror
radius r

Fig. 9 Schenatic ?f ring~imaging Cherenkov
experiment

Theae photons fall on a circle of radius
r
R 5 tan Bc

As was firat suggested by Seguinot and Ypsilantis.1 a
photosensitive proportional counter placed at the
surface of radius r/2 could measure the value of R.
Thus one knows the B of the particle. With a separate
measurement of the particle momentum, the particle can
be identified. It should also be noted that since the
trajectory of the particle, and therefore the center
of the Cherenkov ring, can often be determined by
external measurements, & single detected photon is
often enough to identify a particle.

the
can be

An important perameter for RICH detectors is
number of photons detected. This number
calculated from

N=HN L sin2 8,
o [
where L is the lemgth of the radiator. The figure of

merit, N _, gives the spectral response of the detector
to the CRerenkov radiaticn. (4130 see Ref. 18.)

As with the work done simultaneocusly with the
G3PC, the introduction of the new photosensitive gases
defined the UY transparent windows used as well as the
radiaters. For reference Fig. 10 shows the absorption
spectra of four photosensitive gase?9 and the
transmission of the UV windows available.



E{avi
I T L] ) W

1500

LS3-H

Fig. 10 Absorption spectra of aome photoaensi?éve

gases and transmissions of UV windows

3.1 Spark Chamber Readout

The firat work in RICH detectors was done with

simple 20w§re chambera with one-dimensicnal
readouts.” The first two-dimensio?sl Cherenkov
ring waas recorded by Charpak et sl., with a wire

chambar employing a spark chamber and video readout.
Figure 11 ahows a schematic of their detector. The
inetrument was a multistep avalanche chamber with a
triggerad spark chamber as a second step, separated by
a drift region to prevent photon feedback and to allow
for +triggering time. The gas filling was helium with
about 5% TEA. A CaF, window wes used. Entering UV
photons were converted tc e¢lectrons by the TEA. These
electrons were amplified in the firet atep of the
detector which then caused a spark which was read out
at the back by a TV camera.

1.3 Gav/c protons

Spak chomber |
MSC Deift

Argon

& Radiator LiF

Fig. 11 Schematic ?f ring-imaging Cherenkov detector

expariment

Two Cherenkov radiators were uaed in the first
test: a 5 mm thick LiF radlator, and then a 1 m long
argon radiatoer in the configuration of Fig. 12. For
1.5 GeV/c protona they detected 1.7 photons per event
with the argon radiator. The integrated image of 30
events ia shown in Fig. 13. The spot in the center is
dus to the direct lonization of the Dbeam particles.
The ring radius waa R = 24,42 t 0,22 mm with a
ptandard deviation of 2.05 mm.
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Fig., 12 Experime?%al Cherenkov setup with argon
radiator

Fig., 13 Cherenkov ring fop. 30 events with

1.5 GeV/c protons

f3

In later work the same group measured an Aaverage
of 6.8 photons per event, for 10 GeV/ec piona, with the
radiator fillg? with 1.6 atm of argon. This yields an
N of B0 cm In this work they alsc made the first
d8monstration of TMAE in a RICH detector.

3.2 Cathode Readout

The first RICH detector used in an sctual high
energy pggsigs experiment is in experiment E-605 at
Fermilab. ' Two detectors are used with a single
15 m long helium radiator at | atm, used to identify
hadrons between 50 and 200 GeV/c. The detectors
conzist of two multistep propogtional counters each
with an active area of 40 x 80 cm™.

The photosensitive gas used is TEA (33} with
helium (97%). The UV windows sre made of CaF,,
conaisting of a mosaic of 10 x 10 em™ crystals. Tge
detectors have absorptien, preamplificaticn and
tranafer regions, followed by a multiwire proportional
counter. Cathode readouts give the x- and
y~coordinate of the event, while the direect anode
pulae provides the u-coordinate.

For 70 GeV/c pions they measured an average of
2.5 detected photons per ring, or N = 24 ¢m . The
meagured position resolution was 2 mm FWHM with an
average ring radius of 67 mm. The predicted Cherenkov
ring centers of all identified particles hittégs one
¢f their mirrors are superimposed in Fig. 14. There
are about 1000 events with kaons visible inside a pion
ring.



Fig. 14 Cherenkov events from E-60523

24Another technique has been used by Coutrakon, et
al. They built a test proportional counter with a
combination of anodg wire and cathode pad readout,
using a 18 x 18 cmn™ (CaF, window. The gas filling waa
CH, (97%) and TEA (3%). “For their teat they used a
Chérenkov radiator conasisting of 5 m of argon (20%)
and helium (80%) at ! atm. For 100 GeV/c muona they
detected &p average of about 4 phetons per event, or
K =40 em . Their position resolution was 4 mm FWHM
with a ring size of R = 70 mm.

3.3 I8¢

Another technique used for RICH detectora is the
Time Prg;ection Chamber, TPC, shown schematically in
Fig. 15. The electrons forming tHe Cherenkov ring
are drifted aideways inte a multiwire proportional
counter. The y-coordinate of an electron is
determined by the wire struck. The x-ccordinate is
given by the arrival time of the electron. The
advantage of such a scheme ia that a much larger
number of electrons can be detected per ring with a
small number of channels. The disadvantage ia that
with a typical drift velocity of 5-10 cm/us for the
elactrona, a large detector will require a fairly long
time between particles. This technique was firat
suggested for RICH applicationa and tggted with a
one-dimensional detector by Ekelof, et al.
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Fig. 15 Schematic of a time pr?éection chamber for
Cherenkov ring imaging

Cherenkov detectors using TPC readcuts have been
designed for a Delphi detector at LEP (CERN) and for
the Omega spectrometer at CERN. A test the Omega
RICH detector has been carried out. The photon
dejectors use TMAE with two quartz windows &80 x 20
cm . The electrons are drifted towards the center with
g maximum drift of 20 cm. With & 2 m long argon
radiator, they measured an average of %.2 photons per
10 Ge¥/c pions with a position resolution of 1.7 mm
FWHM. Their final design with & 5 m Cherenkov
radiator ia now in operation. (See P.H. Sharp, these
proceedings.}

A test detectag for the

Delphi experiment has

also been tested. It consisted of a TPC with a 20 x
20 em” quartz window. The gas mixture was methane
{802}, isobutane (20%), and TMAE. The Cherenkov
radiator was 50 cm of iscbutane. With 10 GeV/c
negative particles, they detected an_gverage of 10
photons per event yielding an N_= 72 em . The final
design with a 170 cm drift is presently under test.

{See T. Ypsilantis, these proceedings.)

3.4 Needles

The work on needle detectors fo Cherenkov
experiments has been directed by G. Comby at Saclay,
although their use wag firs suggested for RICH by
Seguinot and Ypsilantis. The photoelectrons are
amplified in the strong field at the end of a needle
{see Fig. 16), giving a large signal. The advantage
is that a large number of photons can be detected at

once. The disadvantages are that they are difficult
to construct, the spacial resoclution is limited to the
cell aize, and a great deal of elesctronics is
neceasary.
L L . Tl LoF window
- S iEeEE wire mesh
O T .1 fjl "aNeeates
M I e e LR

Delay line

+Needles

Fig. 16 Schematic of a needle ?etector for
Cherenkov ring imaging

There were constructed instruments with up to
2500 needles with different needle spacingas. With an
inastrunent of 1008 needles, a CaF, window, and using
TEA as the photosensitive material, the light produced

by 6 GeV/c pions in a 93 cm argon radiater was
detected. They  measured an  avergge af 0.4
photoelectrons per event, or No =28 cm .

3.5 Low Pressure RICH

One problem that has faced RICH detectors is that
a high energy particle passing,through the detector
liberates on the order of 103 electrons. In =&
detector designed to detsct one electron, this can be
a serious problem, and often causes sparking or photon
feedback. To avoid this, moat detectors have either
been operated out of the beam or with the region of
the beam inactive in the detector., But, even these
solutions are ineffective for the vparticles in the
beanm halo.
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330 address this problem the Charpak group at
CERK has constructed a small test low pressure
chamber with an abaorption, 8 preamplification and a
transfer region. This wae followed by s multiwire
proportional counter in one configuraticn. In a
second dsuign, they used a parallel plate region and3
2 x 2 cn® "wedge and strip” printed circuit readout.
The detector had a CaF, window. The gas fillings were
TMAE plus 5 to 20 Torr of pure isobutane. PFor single
photons they measursd a high detection efficiency and
better than 1 mm FWHM position resolution.

The advantage of operating a RICH detector at
such a low pressure is that it reduces the amount of
charge liberated by a paseing particle by up to two
orders of magnitude. Also the use of "wedge and
atrip” cathode readouts allow high event multiplicity
with much fewer channels for a non-TPC design.

Also see Ref. 32 for additional works on the
subject of RICH.

4. BaF2 SCINTILLATOR

With the introduction of TMAE, with its low
photo-ionigation threshold, it was natural %o search
for a solid scintillator that emitted light in =a
region detectable by the gas. The first,1§hough
marginal, success was reported by Anderson. The
scintillator was BaF,, which to date, emits light of
the shortest vavalengtﬁ found. It is also the only
aolid geintillator yet to be coupled to a
photoeenaitive gas, though the search goes on.

Ap a scintillator, BaF, has
characteriatics, Ae a compargson, Table I lists asome
propertigg of BaF, along with those of BGO and
¥aI{T1}.”” Unlike the other two, BaF. has two emission
maxima. The shorter component peaks™ at 225 nm and
contains about 20% of the light. This component also
has a decay constant 1000 times faster than those of
long component and about 500 times faster than those
of BGO and NaI{Tl). Thus the short component is often
referred to as the fast component.

many desirable

Table I

Properties of Three Scintillators

BaF, BGO NaI(T1}
Density (g/an) 4.9 7.1 3.7
Radiation length (om) 2.1 1.1 2.6
dB/dx (min)(MeV/cn) wb 8 4.8
Linear attenuation
coefficlent -1
at 511 keV {cm ) 0.47 0.92 0.34
Peak emission (nm) 225 480 410
310
Decay constant (na) 0.6 300 250
620
Index of refraction 1.56 2.15 1.85
Light yield 3 3 4
(photona/MeV) 2110 3 2.8x10 4x10
6.5x10
Hygroscopic Ko No Yes
Ref. 33.
In the first work, a small Ban crystal was

coupled to a single wire proporticnal counter filled
with TMAE, argon (90%) and methane (10%) at 600 Torr.
For gamma rays in the 1 MeV range, detection

efficiencies were measured at a few percent. This
poor efficiency was due to the small overlap of the
BaF, spectrum with the detection reaponse of TMAE in

the“gas phase, and to the poor light c¢ollection
sgfficiency of the firat setup.

4.1 Liquid Photocathode

In an sttempt to improve the photon detection

efficiency34for BaF,, a “liquid” photocathode was
conceived. It is quite easy to calculate the
ionization threshold, for ligquid TMAE (electrons

detected in the TMAE

Eng
%'q é35 and for a liquid
photocathode, E %,3

These are given by

LEC®
ETH = IP « P+ VO
and
2 - )
Blpp = 1P+ P, {for v_ < 0].
Here IP 1is the jonization potential in the gas phaase

and P is the pelarization energy of the positive ion.
v is the ground-state energy, with respect to the
vacuum, of a free eles%ron in the liquid. Using the
value V = -0.28 oV”' and the gatimate of P, = -1,26
eV, we kave B = 3.82 eV (5246 4) and B = 4.0 eV
(5100 A). THY reamson the photocathodgpghreshold is
higher is because the electrons released in the liquid
must overcome V_ to escape. Thus there are low energy
electrons in thé liquid that, in prineciple, could be
drawn from the surface if the electric field were high
enough.

The firat
Fig. 17.

liquid photocathode is  shown  in
It consisted of a water-cooled copper plate
for condensing the TMAR and a low-pressure wire
chamber. The TMAE 1is extremely thin on the surface
and thus the instrument can be operated in any

orientation. The optical window was made of quartsz.
The counter gas was only 3 Torr of isobutane to
increase the photoelectron collection efficiency. 1In

that work, the counter was operated warm with the
photocathode kept at 18%, Using filters, a threahold
of about 4.3 eV was estimated, and a much higher
efficiency for the light from BaF., was also measured.
The estimated quantum efficiency for the short
compenent of BaF, was about 4%.
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Fig. 17 Liquid photocathode34

A second instrument was made that incorporated a
BaF2 cryatal, 23 cm thick and 12 cm in diameter, as
shown in Fig. 18. Again a low pressure coutiter was
used, filled with % to 9 Torr of isobutane. Thie low
pressure makes the wire chamber insensitive to the
passing particles, while enhancing the sensitivity to

uy pgotons. The TMAE was condensed on a cold aurface
at 2°C.
Using 350 MeV alpha particles, the electron

component of the signal had a rise time of only 10 ns,
and the ion drift time wss only slightly over 1 ps. A
timing rescluticn of 540 ps FWHM was achieved. An
energy resolution of 28.5% FWHY was alsoc measured for
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Fig. 18 BaF2 coupled to a liquid photocathode38

970 MeV protons losing about 18 MeV in the crystal.
Using the same instrument with a cathode pad readout,
a poaition resolution of about 3 mm FWHM was measured.

The estimated number of photons detgcted in this
final configuration was approximately 10" per GeV. It
is expscted that if the electric field at the surface
of the 1liquid photocathode is increased, this number
in principle could be increased.

4.2 Adsorption and Gas

It was noted’C that when TMAE is added to a

detector, all the metallic surfaces become
rhotosensitiva, To utilize this saffect, 35 complete
BaF, calorimeter tower was conatructed, that used
THA% and low pressure chamberas, but without cooling.

A schematic of the tower is shown in Fig. 19. The

instrument consiated of 14 c¢rystals varying in
thickness from 1 em to 5 em. All were 12.6 cm in
diameter., The total thickneas of BaF_ was 40.5 cm,

making 19.3 radiation 1lengthe. Bdch crystal was
preceded by its own wire chamber. The,surfaces of the
BaF, c¢rystals were coated with a 15 A layer of NiCr,
whigh is a UV transparent conductive coating. When
TMAE is intreduced into the detector, the adsorbed gas

acts as a photocathode. There is also some
contribution from the gas volumte. But the
amplification in a low pressure chamber is almost

parallsl plate amplification. Thus the contribution
from gas is probably fairly small.

The pulse-height spectra for 108 MeV and 200 MeV
electrons are shown in Pig. 20. The resolutions are
30% and 20% FWHM, respectively. But when correcting
for the energy leakage ??5 the side of the tower, a
resolution of o/E = 2.5 E (Ge¥) wae determined.
This correction was made using the EGS Monte Carlo
simulation program.

The energy deposit per crystal 4is ashown in
Fig. 21 for 108 MeV and 200 MeV electrons, aas well as
for 108 MeV/c pions and muons. The energy deposited
in ecrystal 6 appears low because it is 1 em thick and
the surrounding crystals are 2.5 cm thick. This
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Fig. 19 BaF2 coupled to a liquid photocathode3
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Fig. 20 Pulse heiggt spectra for 108 MeV and 200 MeV
electrons

figure shows the advantage of using wire chambers over
phototubes. One can achieve high segmentation and
meaaure both the lateral and longitudinal development
of the shower.

In a new work by the Charpak group,4o the

effect

of increasing the temperature of the detector to
increase the TMAK pressure was measured. They found
that the energy resolution for 662 keV gamma rays
increases wup tc around 70°%¢  and then remained
constant. The limiting reaclution was 817 FWHM.

For a review on +the subject of low pressure
countera, see Hefs. 41 and 42,
5. CONCLUSION

The medern field of proportional counters using

photosensitive
growing

gases and liquids is a new one, with a
number of applications apd investigators.

Chambers of a large fraction of | n° are now possible
with quantum efficiencies approaching 50%, and with
millimeter position resolution. Only the three major

applications of the GSPC, RICH and BaF, have been
addressed here. The techniques being geveloped are
certainly applicable to other fields such as the
counting of Lyman Alpha photons in atomic physics.
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Fig. 21 Energy deposit per crystal for 108 MeV

electrons, 200 MeV electrons, and 108
MeV/¢ pions and muons. Crystal 6 igg
only 40% as thick as its neighbors.

The study of photosensitive gaees and liquids is
need of much good academic work. Much of the

existing work has been done by pragmatic investigators

with a apecific problem to solve.

often denied the luxury of careful
(The work of T. Ypailantis
marked exception.) Academic

epncouraged to become
subject that would be suitable for academic
the
response, the affect of temperature, and the

And thus, they were
academic astudies.
collaborators is a

should be

An example of a

study ias

Such questions as apectral

role of

and
inatitutions
involved.

liquid photocathode.

the electric field are yet untouched.
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